, "Laser sintering of separated and uniformly distributed multiwall carbon nanotubes integrated iron nanocomposites" (2014 Uniform distribution of carbon nanotubes (CNTs) in metal matrix during additive manufacturing of nanocomposites is always a challenge since the CNTs tend to aggregate in the molten pool. In this study, Multiwall carbon nanotubes (MWNTs) were separated and distributed uniformly into iron matrix by laser sintering process. MWNTs and iron powders were mixed together by magnetic stir, coated on steel 4140 surface, followed by laser sintering. Due to the fast heating and cooling rate, the CNTs are evenly distributed in the metal matrix. The temperature field was calculated by multiphysics simulation considering size effects, including size dependent melting temperature, thermal conductivity, and heat capacity. The SEM, TEM, and XRD were used to understand the laser sintering of CNT integrated nanocomposites. The results proved the feasibility of this technique to synthesize MWNTS integrated metal matrix nanocomposites. V C 2014 AIP Publishing LLC.
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I. INTRODUCTION
The need for light weight, high strength materials has been promoted by the invention of airplane. 1 The advantages of these materials lead to the improvement of fuel efficiency. Metal matrix nanocomposites (MMNCs) have been broadly applied in aerospace and automobile industries because of their improved elastic modulus, hardness, tensile strength, and wear resistance performance with light weight. 2 In the MMNCs, the strength and ductility are provided by metal matrix and the strength and stiffness are provided by the reinforcement of nanomaterials. Nanomaterials have been introduced into metal matrix by several methods, such as vacuum sintering, 3 mechanochemical method, 4 laser sintering, 5 and ball milling. 6 The first discover of carbon nanotube (CNT) was by Iijima in 1991. Due to the near perfect structure of CNTs, they are one of the strongest materials known to human beings. Based on direct or indirect measurement of mechanical properties, CNTs have the strength of 5 times higher than carbon fibers and also hold a better elastic modulus. 7 Besides the excellent mechanical properties, CNTs also have superior electrical and thermal conductivities since their ballistic nature of conduction of electrons and phonons. Because of these advantages, CNTs using as reinforcements for composite materials have been attracted much attention.
In recent years, there have been remarkable achievements of improving mechanical properties in carbon nanotube reinforced polymer matrix. However, it is only a little advance in carbon nanotube reinforced MMNCs since these carbon nanotubes tend to be agglomerated because of the strong van der Waals attractive force. Laser deposition has been applied to integrate CNT into nickel matrix. 8 However,
the CNTs are aggregated after laser treatment. It is still a challenge to separate CNTs in the metal matrix. This paper introduces a laser additive manufacturing technique to integrate 1D nanomaterials multiwall carbon nanotubes (MWNTs) into iron matrix, in which the MWNTs were separated and uniformly distributed in the cross section. Nanomaterials are mixed with iron powders by magnetic stirring in the DI water using Polyvinyl alcohol (PVA) as the dispersing agent. 5, 9 The mixed powders were coated on the substrate surface, which was mechanically polished. [10] [11] [12] The volume ratio of nanomaterials can be adjusted easily during mixing. Laser sintering process was performed in a N 2 gas filled chamber to protect the samples from oxidation. After laser sintering, nanomaterials were successfully integrated into the cross section of iron matrix.
II. EXPERIMENTAL METHODS
The experimental setup of integrating MWNTs (from Cheaptubes, Inc.) into iron matrix is shown in Figure 1 . Micro-sized iron powder and MWNTs were mixed together in DI water by magnetic stirring. The suspension was prepared by mixing iron powder and MWNTs with 4 wt. % of polyvinyl alcohol (PVA). 5, 11, 13 Single MWNTs can be separated successfully by using PVA as dispersing agent. 5 Mixed powders were coated on AISI 4140 surface and the cross section of coating is shown in Figure 1 (a). Laser sintering was carried out by a Nd:YAG laser system under continuouswave mode, which is shown in Figure 1 (b). The output laser power was 100 W, while the beam size was 0.8 mm. The scanning speed and step size were 2 mm/s and 0.25 mm, respectively. Laser sintering process was fulfilled in a glass chamber filled with N 2 gas in order to protect the samples from oxidation. 5 The melting temperature of MWNTs is estimated around 3925-3970 K, which is much higher than the melting temperature of iron (1810 K). At selected laser a)
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V C 2014 AIP Publishing LLC 115, 113513-1 intensity and scanning speed, the iron powders were melted while the MWNTs stayed solid 5 so that the MWNTs can be survived during laser sintering. During the laser irradiation, the PVA was evaporated from the melting pool of iron so that the laser sintered layer is PVA free. 5, 9 The evaporation action of PVA bubbles helps to align the MWNTs in the melting pool. Heating and cooling rate in laser irradiation process is extremely fast ($10 4-5 K/s). 2 Laser sintering process is too short for the MWNTs to be agglomerated together so that they can be still separated after laser sintering. Cross-sectional view after LS is represented in Figure 1 (c). The coated layer was melted together with substrate during laser irradiation and the temperature field distribution will be discussed in detail by simulation results.
The substrates were low-alloyed steel AISI 4140 plate. These samples were first austenitized at 850 C for 20 min and quenched by oil down to room temperature.
14 After austenitization, the samples were tempered at 450 C for 2 h and naturally cooled down to room temperature in vacuum furnace. The hardness of samples after heat treatment is 310 VHN (Vickers hardness). The iron powder (average diameter of 4 lm), and MWNTs (outside diameter 8-15 nm) were selected for the coating.
Surface and cross sectional morphology were measured by Hitachi S-400 Field emission SEM. The material compositions before and after laser sintering were investigated by Bruker D8 Focus X-Ray diffractometer using Cu-Ka source. A FEI Nova 200 focused ion beam (FIB) system was used to prepare TEM samples by lift-out method. The microstructure images were obtained by the FEI Titan system operating at 300 keV. The surface hardness was measured by Leco M-400-H micro-hardness instrument with 300 g load and 10 s holding time.
III. RESULTS AND DISCUSSION

A. Temperature field simulation
The temperature field during laser sintering process was studied by Comsol Multiphysics with EM (electromagnetic) and HT (heat transfer) models. 11 The 2D model, which contains coated layer and substrate, was applied to investigate the temperature evolution by laser scanning. MWNTs were drawn vertically and uniformly distributed in the coated layer in order to simplify the simulation conditions. Temperature profiles of MWNTs and coated layer are the main concern of the simulation. The size and volume effect of nanomaterials on temperature profile were investigated.
Size dependent melting temperature
Understanding the thermal stability of single-walled carbon nanotubes (SWNTs) at high temperature is essential for the simulation of laser sintering process. SWNTs were thermally stable at 2800 C in vacuum. 15 It was well established that the melting temperature of SWNTs is $4450 K. 16 The Stone-Wales defects, intrinsic structure defects commonly existed in SWNTs, were 90 rotation of C-C bonds. 17, 18 Premelting is existed in the defective region while this temperature is much lower than the melting temperature of the crystal. 19 Zhang et al. 15 simulated the melting temperature of perfect SWNTs and premelting of defective SWNTs. They found the melting occurred at a much smaller critical Lindemann parameter, q c ¼ 0.03, which was proposed for the clusters and homopolymers. 20 They used the parameter to calculate the melting temperature of perfect SWNTs and Stone-Wanes defects SWNTs, 15 which are 4800 K and 2600 K, respectively. The melting temperature range of MWNTs bought from Cheaptubes, Inc. is estimated from 3925 to 3970 K.
Size dependent thermal conductivity
It is still challenging to measure thermal conductivity by technological difficulties of synthesizing high-quality and well-ordered nanotubes. 21 Thus, it is essential to observe theoretical predictions of the thermal conductivity and the influence of various defects. 21 An unusually high thermal conductance should also be expected in carbon nanotubes, which are held together by sp 2 bonds. 22 The rigidity of these systems, combined with virtual absence of atomic defects or coupling to soft phonon modes of the embedding medium, should make isolated nanotubes very good candidates for efficient thermal conductors. 22 Berber et al. 22 calculated the phonon thermal conductivity of isolated nanotubes. The phonon thermal conductivity of an isolated SWNT was investigated by theoretical calculation. At high temperatures, three-phonon Umklapp scattering begins to limit the phonon relaxation time. 23 Umklapp scattering requires production of a phonon beyond the Brillouin zone boundary because of the high Debye temperature of diamond and graphite. The peak in the thermal conductivity of these materials is near 100 K, significantly higher than for most other materials. 23 The value of K at the peak (37 000 W/mK) is comparable to the highest thermal conductivity ever measured (41 000 W/mK for an isotopically pure diamond sample at 104 K). Even at room temperature, the thermal conductivity is quite high (6600 W/mK), exceeding the reported room temperature thermal conductivity of isotopically pure diamond by almost a factor of 2.
21, 23 Sun et al. found that the thermal conductivity increased with increasing the length of the tube. 24 Che et al. investigated the relation between thermal conductivity and vacancy concentration and defect concentration. 21 Berber et al. used equilibrium molecular dynamics simulations based on the Green-Kubo expression that relates this quantity to the integral over time t of the heat flux autocorrelation function by 22, 25 
Here, k B is the Boltzmann constant, V is the volume, T is the temperature of the sample and the angular brackets denote an ensemble average, and J(t) is heat flux vector. Kim et al. 26 found that thermal conductivity of a single MWNT is 3000 W/mK through measuring a microfabricated suspended device. Taking the volume-filling fraction of CNT's into account, the effective thermal conductivity for the MWNT's is about 2 Â 10 2 W/mK. 27 The thermal conductivity of individual multi-walled carbon nanotubes by the 3-x method at room temperature equals to 650-830 W/mK. 28 Aliev et al. 29 measured the thermal conductivity of single MWNTs of 10 lm electrode separation and the value was 600 6 100 W/mK.
Size dependent specific heat capacity
The phonon structure of SWNTs at low temperature has been investigated by theoretical 30, 31 and experimental efforts. 32 However, only few experiments have been conducted to measure the specific heat of bulk MWNT samples due to its complex structures. 33, 34 The specific heat of millimeter long aligned MWNT bundles was indirectly measured by from 10 to 300 K. 33 Mizel et al. 34 found the behaviors of the low temperature specific heat for bulk MWNT and graphite were similar and they concluded it was from similar structures of the large radius MWNT and graphite. Theoretically calculation was also applied to calculate the low temperature specific heat of a 1-5 layered MWNT based on force constant dynamical models. 35 However, the theoretical values are different with the experimental data. 35 They found the specific heat data deviate from T 3 behavior at low temperature and fit needs additional T À2 term below 5 K, which is due to the nuclear hyperfine interaction of ferromagnetic impurities. The temperature profile of the sample during laser sintering was simulated in a 2D module, which can be seen in Figure 2 . The height of coated layer and matrix were set as 50 lm and 2.35 mm, which were the real size of both layers. The width of the simulation model was set as 100 lm. The laser energy, beam size, and the scanning speed used in the simulation were 100 W, 0.8 mm, and 2 mm/s, respectively. The temperature distribution (at 0.28 s) in the cross section, without any MWNTs, is shown in Figure 2 (a), while Figure 2(b) is the temperature profile in the coated layer. The maximum temperature at 0.28 s in the cross section is around 2010.5 K, which is much higher than the melting temperature of iron (1810 K), however, is much lower than the melting temperature of MWNTs. The minimum temperature in the coated layer is also higher than the melting temperature of substrate, thus providing the chance to melt coated layer together with matrix.
MWNTs size effect on temperature field during laser sintering
The size effect on temperature distribution is shown in Figure 3 diameters of MWNTs were 100 nm (Figures 3(a) and 3(b) ), and 1 lm (Figures 3(c) and 3(d) ), respectively. The MWNTs were drawn to vertically and uniformly distribute in the cross section in order to simplify the simulation conditions. The maximum temperature of Figures 3(a) and 3(c) at 0.28 s are 1992.6 K and 1978.5 K. It shows that the maximum temperature decreases with increasing the outside diameter of carbon tubes. The temperature difference between maximum and minimum temperature of 100 nm and 1 lm are 727.1 K and 724.0 K. It represents that temperature distribution does not affected too much with the size of CNTs when the volume ratio is fixed. The temperature on both coated layers is higher than the melting point of iron, which means it is possible for the coated layer melting together with the matrix.
The temperature distribution around carbon tubes (outside diameter 1 lm) is shown in Figure 4 . It only contains 3 carbon tubes since the outside diameter of carbon tubes is large. The temperature field around marked carbon tubes of A, B, and C are shown in Figures 4(b)-4(d) , respectively. The bended temperature field is caused by the high thermal conductivity of carbon tubes. The thermal conductivity of carbon tubes was set as 6600 W/mK, which is much higher than iron matrix (300 W/mK). It conducts heat much faster than the iron matrix, which is also the reason for small temperature difference at both ends of carbon tubes when compared to nearby iron matrix.
WNTs volume effect on temperature field of laser sintering
The volume ratio effects on the temperature during laser irradiation were also studied. C. LS process conditions
Microstructure after integrating MWNTs into iron matrix
When the interaction of laser radiation with metal powders occurs, the energy deposition is considered to be both bulk-coupling and powder-coupling mechanism. 13, 36 During the first laser pulse, the energy is absorbed in a narrow layer of the powder particles. This layer has a higher temperature than other parts of the iron powder. The thickness of this layer is related to the thermal penetration depth, which is proportional to the square root of thermal diffusivity of the medium times time interval. 13 Then the temperature profile of iron powders tends to be uniform after many pulses and reaches to the melting temperature of iron powders. The maximum temperature of particle surface is reached at the end of one pulse
where A is the absorptivity, I 0 is the intensity, k is the thermal conductivity, j th is the heat diffusivity, and s p is the laser pulse duration.
During laser sintering, the melting/solidification process is the only mechanism feasible for rapid bonding of metal powders. 37 Full melting was performed in order to meet the need of full dense objects, with mechanical properties comparable to those bulk materials and by the desire of further fatigue test. 13 The time needed for the temperature of whole particles to be uniform can be defined as
where r is the particle radius, which is around 2 lm and j b $2.3 Â 10 À5 m 2 /s. It takes Dt h $ 0.17 ls for the particles to be homogenization.
Multiple modes of mass, heat, and momentum transfer and chemical reaction would happen during laser sintering process. 38 The Marangoni effect occurs when the surface tension gradient is risen by the temperature gradient in the molten pool. 39 The surface of matrix was polished before coating since balling effect prefers to happen due to the oxide layer between coated layer and the matrix. 38 Former research pointed out that adding graphite for laser sintering iron powders provides following beneficial effect: increases the sintered density with increasing the graphite weight ratio, helps to avoid structure of pores, and decreases the surface roughness, etc. 11 The SEM image of surface morphology of laser sintered Fe/MWNTs nanocomposites is shown in Figures 6(a) and 6(b) . The Nd:YAG laser system was operated at 100 W. The scanning speed was 2 mm/s and the step size was 0.25 mm. The MWNTs, which were survived from laser sintering, at surface are marked in Figures 6(a) and 6(b) . The exposure of MWNTs outside may be caused by the evaporation of PVA. The evaporation process generates high density of bubbles and the escaping of bubbles would realign the MWNTs in the cross section. The MWNTs in the cross section are also represented by TEM image, which is shown in Figure 6 (c). These MWNTs are separated and uniformly distributed in the iron matrix Bubbles rise through a liquid are very popular in engineering practice, including chemical engineering, metallurgy, and especially in biotechnology. 40 The rising of gas bubbles has been investigated since the beginning of 19th century. 41 Many equations have been developed in order to calculate the rising velocity of gas bubbles in a liquid. Among these equations, the most reliable semiempirical equation is developed by Davies and Taylor
where V is the bubble volume. This equation only works for the case of large, spherical cap-shaped bubbles. 40 For a single isolated smallest bubbles, which are considered as perfect spheres, Stokes solution can be used to reasonably calculate the rising velocity 43 U ¼ 1 18
where g is the gravity acceleration, d e is the equivalent bubble diameter (diameter of a sphere with same volume as the bubble), l l is the dynamic viscosity of liquid, q l is the density of liquid, and q g is the density of gas.
The drag coefficient C D of gas bubble is calculated based on the equivalent sphere diameter. The balance of forces acting on a rising bubble can be written as 
where Dq is the difference between the liquid and gas densities, S ¼ pd 
The drag force generated during rising of PVA bubbles helps to realign the MWNTs vertically in the cross section of liquid iron in order to decrease the resistance for these bubbles to escape. It explains the vertically aligned MWNTs in the surface of laser sintered layer in Figure 6 (c). The simulated temperature of top surface is much lower than the melting temperature of MWNTs, which is the reason for the MWNTs to be survived. Figure 7 shows high resolution TEM image of a single MWNT in the iron matrix. It clearly exhibits graphene layers in the walls. 8 The diameter of the MWNT is around 8 nm based on the measurement of TEM image, which agrees with the information provided by the producer that the outside diameter of MWNT is between 8 and 15 nm. One single carbon nanotube existed in the iron matrix means that PVA was successfully separated MWNTs. It also proves that MWNTs survived during the laser sintering process and did not dissolve in the molten iron pool. 8 The interaction between SWNT or MWNT with matrix includes two manners: end contact and side contact. 7 End contact and side contact mean that metal matrix reacts with carbon nanotube at the end and the wall of nanotube, respectively. 7 It would be very strong leading to the formation of carbides through end contact by the sigma bond formation. 7 Weak interaction occurs in side contact condition through weak bond formed by out-of-plane orbitals. 7 The interface between the walls of carbon nanotube and iron shows no significant evidence of side contact. The MWNTs are rolled up graphene sheets and they only have the end carbon atoms with unsaturated covalent bonds. 8 The end side of MWNT in Figure 7 at the left bottom provides direct evidence of end reaction.
The formation of carbides due to reaction between CNT and the matrix could adversely alter the mechanical properties. If the volume ratio of the carbide is high enough (>5%), then one can observe peaks corresponding to the phase in the XRD pattern. XRD study of randomly oriented CNTs will result in the peak at 2h ¼ 26 corresponding to the graphite (002) plane spacing ¼ 0.34 nm. 44 XRD as such is not a confirmative technique for the presence of carbon nanotubes because the peaks are of graphite. However, the XRD can be used to detect different carbide peaks by a small scan rate of 0.05 /s. The existing carbon peaks of XRD further prove that carbon nanotubes survived during laser sintering ( Figure 8 ).
Surface micro-hardness
Near surface work hardening is also measured under three conditions ( Figure 9 ): as received, laser sintered 11 wt. % of TiN nanoparticle, and laser sintered of 2 wt. % MWNTs. The Vickers hardness of as received sample is 310 VHN. After laser sintering 11 wt. % TiN nanoparticles the surface hardness increases to 410 VHN, around 32% higher than original value. The surface hardness increases to 605 VHN when integrating with 2 wt. % MWNTs. It is about 95.2% increase from original sample. It clearly shows that MWNTs have much better surface hardness improvement than TiN nanoparticles.
IV. CONCLUSION
Laser assisted integrating MWNTs into iron matrix were investigated by experiment and simulation study. The simulation results show that volume ratio has a higher effect on the temperature field when comparing with the size of MWNTs. The temperature filed simulated by Comsol shows that MWNTs is possible to survive after laser sintering. The SEM, TEM, and XRD results confirmed the successful separating and integrating MWNTs into the iron matrix. The technique provides a strategy to integrate 1D nanomaterials into metal matrix.
